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Short-Lived Oxygen Diffusion 
During Hot, Deep-Seated 

Meteoric Alteration of 
Anorthosite 

Claudia I. Flora,'* Lee R. ~iciputi? David R. Cole2 

Heterogeneous oxygen isotope compositions of plagioclase from the Boehls 
Butte anorthosite include some of the most oxygen-18-depleted values (to 
-16 per mil) reported for plagioclase in meta-igneous rocks and indicate 
high-temperature (T > 500~~ ) - i so to~ ic  exchange between plagioclase and 
nearly pristine meteoric fluid. Retrograde reaction-enhanced permeability as- 
sisted influx of meteoric-hydrother&l fluids into the deep-seated anorthosite. 
Isotopic gradients of about 14 per mil over 600 micrometers in single crystals 
require short-lived (about lo4 years) diffusional exchange of oxygen and locally 
large effective water:rock ratios, followed by rapid loss of water and cessation 
of oxygen diffusion in the anorthosite. 

Infiltration of surface-derived fluids into hot 
rocks can cool the rocks as well as cause 
extensive mineralogical and chemical chang- 
es. These effects are controlled predominant- 
ly by the temperature of the infiltrating fluids, 
the permeability of the rocks that are infil- 
trated, and the extent of fluid-rock interaction 
and are most significant at shallow levels of 
the crust (I). Penetration of surface-derived 
fluids into deep, hot (>I0 km depth; T > 
500°C) rocks is not well understood. It may 
accompany early retrograde cooling and up- 
lift (2-4) and cause isotopic depletion of 
rocks along detachment faults in metamor- 
phic core complexes (5-7). We report results 
of an ion-microprobe study of oxygen isotope 
ratios in metamorphosed anorthosite that 
demonstrate deep, but transient, penetration 
of surface-derived fluids, which triggered 
plagioclase recrystallization and a brief peri- 
od of water-enhanced diffision. 

The Boehls Butte anorthosite is exposed 
in a fault-bound block uplifted into metasedi- 
ments along the northern border of the Idaho 
batholith. This anorthosite experienced a 
complex, polyrnetamorphic history, reaching 
peak P-T conditions (event M2) of 650' to 
750°C, 8 to 11 kbar (0.8 to 1.1 GPa) (8) as a 
result of the cumulative effects of regional 
magmatism and crustal shortening. Regional 
extension accompanying tectonic denudation 
and emplacement of the latest stages of the 
batholith at relatively shallow levels in the 
crust led to a protracted, nearly isothermal 
decompression under fluid-absent conditions 
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[event M3; T = 650" to 750°C, 4 to 6 kbar (8, 
9)], followed by a final, rapid stage of de- 
compression, fluid infiltration, and cooling 
(9). 

The most distinctive feature of the anortho- 
site is the coexistence of two different plagio- 
clase phases (Fig. 1): andesine (An,,-,,) and 
anorthite (Arb,,,) (lo). Andesine occurs as 
megacrysts, 2 to 25 mm in diameter, with fine- 
grained (0.1 to 0.2 mm in diameter) granoblas- 
tic-polygonal anorthite crystals forming thin 
(<3 mm thick) patches and layers between 
megacrysts and also occurring as inclusions in 
the megacrysts. The presence of anorthite con- 
strains the bulk of the interaction between 
anorthosite and aqueous fluids to temperatures 
in excess of 500°C (11). There are only trace 
amounts of secondary minerals, such as chlo- 
rite, calcite, and epidote, that are diagnostic of 
lower temperature (T < 500°C) alteration by 
hydrothermal fluids (1); however, rapid and 
high-temperature decompression may continue 
to favor the stability of plagioclase. 

Unaltered igneous anorthosite from loca- 
tions throughout the world typically has uni- 
form 6180 values in the range of +5.8 to 
+7.6 per mil (12). In contrast, oxygen isoto- 
pic heterogeneity occurs at several scales 
within the Boehls Butte anorthosite. Whole- 
rock plagioclase analyses (13) of samples 
collected over a 12 km2 area vary from -7.0 
to +6.2 per mil, with differences of up to 
11.9 per mil in samples located 250 m apart. 
No clear pattern of alteration relative to geo- 
logic contacts or faults can be established. At 
the scale of a hand sample (- 1000 cm3), bulk 
separates of andesine and anorthite (13) have 
isotopic fractionations of -0.9 to +2.2 per 
mil, suggesting wholesale alteration of 
anorthosite at this scale. However, secondary 
ionization mass spectrometry (SIMS) mea- 
surements indicate intergranular variability of 

3 to 15 per mil between plagioclases of like 
composition (andesine or anorthite) on the 
scale of a thin section (2.5 cm diameter). The 
variability of isotopic compositions observed 
at all scales suggests that the anorthosite in- 
teracted with a complexly channelized, mete- 
oric-hydrothermal fluid system (14). 

Within a single thin section of massive 
anorthosite, two steep isotopic gradients (15 
per mi11600 pm and 13 per mi11400 pm) have 
been identified along traverses between the 
interiors of andesine crystals and their con- 
tacts with fine anorthite crystals (Fig. 2). The 
low 6180 values in this sample, with one spot 
as low as - 16 per mil, are some of the most 
180-depleted values reported for plagioclase 
in meta-igneous rocks (15). Tertiary meteoric 
water near the Idaho batholith is estimated to 
have had a 6180 value of --I6 per mil (16). 
Thus, these low values indicate that the sam- 
ple exchanged with nearly pristine meteoric 
water at temperatures in excess of -500°C 
(15). . , 

The scale and timing of isotopic exchange 
with meteoric-hydrothermal fluids are con- 
strained by rates of oxygen isotope diffision 
in plagioclase and the conditions under which 
the measured isotopic heterogeneity might be 
preserved. Microscale isotopic gradients in 
andesine were modeled as diffusion profiles 
(Fig. 2) developed at 550°C between andesine 
having 6180 close to the original, igneous value 
and an extremely 180-depleted aqueous fluid 
(1 7). Low 6180 values for the rims of andesine 
megacrysts require high water-rock ratios, at 
least in the local environment of the grains 
analyzed. Under these conditions, the time re- 
quired to generate the diffision profiles is short, 
generally lo3 to 10, years (Fig. 2). High water: 
rock ratios cannot persist, however, because 
wet diffision at high temperature would rapidly 
homogenize isotopic gradients in the plagio- 
clases we measured, which have grain radii of 
0.5 to 1 mm (Fig. 3). 

Oxygen diffusivity may be significant 

Fig. 1. Photomicrograph showing an andesine 
megacryst and many fine anorthite grains, and 
oxygen isotope compositions measured by SIMS. 
Bar, 100 pm. Anorthite layers are interpreted to 
be the foci of high-temperature, retrograde fluid- 
rock interaction, on the basis of isotopic compo- 
sitions and gradients, cathodoluminescence, and 
inferred mineral reactions. 
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even at low fugacities of water (.f;,., = 10 to 
500 bar) (18, 19); the presence of up to 10% 
hydrous phases, such as hornblende and bi- 
otite, in the anoi-thosite indicates that .f;,:, 
was not zero. For partial pressures of water as 
low as 1 bar, the oxygen isotope profiles still 
indicate short-lived diffusion of -10' years 
(Fig. 2). Only if water fugacities are low 
enough to decrease diffusion rates by several 
orders of magnitude (dry diffusion; Figs. 2 
and 3) can these sub-millimeter-scale isoto- 
pic heterogeneities be preselved in plagio- 
clase. The preservation of extreme isotopic 
gradients at high temperatures of interaction 
suggest illflow of meteoric fluids, then rapid 
loss of water and cessation of isotopic ex- 
change; in effect, a nearly instantaneous 

Fig. 2. Plot of oxygen isotope 
compositions versus distance 
to andesine-anorthite grain 
boundary (boundary at 0 
km)  for andesine grains of 
radius 1.0 mm (top) and 0.5 
mm (bottom). T = 550°C; 
P, = 3 kbar. Error bars are 
+ I  per mi l  and 2 1 5  km.  
The data are compared to  
gradients modeled for diffu- 
sion in andesine under wet 
conditions (PHZO = 1 kbar), 
conditions of low water fugaciv 
(P, = 1 bar), and dry condi- 
tionZs (pH>, = 0). 

change from a wet to a dry system, with the 
consequence of much slower diffusioil rates 
and smaller domains of isotopic eq~~ilibration 
in the dry system (Fig. 3). 

Penetration of surface-derived fluids into 
deep-seated roclcs is most commonly associ- 
ated with detachineilt faults in metainoiphic 
core coinplexes (5-7) or other large, crustal 
shear zones (2, 4).  Fluid dynamic calcula- 
tions (3) indicate that infiltration is also pos- 
sible in the early retrograde environment. As 
the mechanical behavior of roclts becomes 
brittle: the rocks fracture and fluid pressures 
change from lithostatic to hydrostatic, creat- 
ing conditions more favorable to transport of 
fluids into higher temperature environments. 
Ailorthite layers in the Boehls Butte anoitho- 
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Fig. 3. Plot of plagioclase 
(andesine) grain radius versus 
the time to isotope equilibrium, 10 

or homogenization of isotopic o 
compositions across the grain. 5 
These curves indicate that oxy- g 
gen isotopic compositions in pla- 5 
gioclase will homogenize on the gz  scale of 1 mm in less than 1 .g 7 
million years, even for nearly dry g $ 
conditions (PHZ0 = 1 bar). W/R ij = 6 
indicates water:rock ratio (by .I? 
weight). .,- o 5 
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site are inferred to have been the foci of 
retrograde fluid flow, on the basis of isotopic 
coinpositions and cathodoluminescence tex- 
tures and spectra (20). Reaction of Na-plagio- 
clase with CaC1-bearing hydrothermal brines 
very rapidly forms anorthite + quartz, a re- 
action having a negative volume change of 
reaction (21). We suggest that this retrograde, 
reaction-enhanced permeability may have en- 
hanced the transport and focusing of retro- 
grade fluids. 

Thus, microscale oxygen isotope gradi- 
ents indicate that (i) meteoric-hydrothermal 
alteration occui~ed after the peak of meta- 
morphism, under conditions appropriate for 
post-M3 rapid uplift [T - 550°C, P,,,,, = 2 
to 4 lcbar, PflU,, < 1 kbar (8 ,  9)] of the 
terrane; (ii) transport of pristine meteoric wa- 
ter into the anoi-thosite occurred at tempera- 
tures and pressures close to the brittle-ductile 
transition; (iii) modest to large effective wa- 
ter:rock ratios were responsible for isotopic 
resetting, particularly in local environments 
where extreme isotopic depletion is observed 
in andesine megacrysts juxtaposed with an- 
orthite layers; and (iv) rapid and essentially 
complete loss of water led to the effective 
cessatioil of oxygen isotope exchange after 
hydrothermal exchange (22). 

Rapid cooling rates suggested for the 
Boehls Butte area, about 75°C Ma (23),,are 
best accounted for by the presence of a fluid 
and advective cooliilg during rapid uplift of 
the terrane. This raises an apparent contradic- 
tion: the inferred cooling rates require infil- 
tration and advective cooling over a period of 
at least 2 million years before the system 
begins to close to 0 and Ar diffusion, but the 
presenratioil of the steep oxygeil isotopic gra- 
dients we report require a rapid change to 
fluid-absent conditions at high temperatures 
early in this period of cooling. The results 
suggest that retrograde fluid flow is spatialljl 
variable, following different pathways at dif- 
ferent times in the uplift, resulting in a coin- 
plex inteiplay between retrograde fluid flow, 
cooling, and isotopic exchange. 
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Surfactant-Mediated 
Two-Dimensional Crystallization 

of Colloidal Crystals 
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Colloidal particles can form unexpected two-dimensional ordered colloidal 
crystals when they interact w i t h  surfactants o f  the  opposite charge. Coulomb 
interactions lead t o  self- l imited adsorption o f  t he  particles on  the  surface o f  
vesicles formed by  the surfactants. The adsorbed particles fo rm ordered but  
f lu id rafts on the  vesicle surfaces, and these ul t imately fo rm robust t w o -  
dimensional crystals. This use o f  attractive Coulomb interaction between col- 
loidal particles and surfactant structures offers a potent ia l  new route t o  self- 
assembly o f  ordered colloidal structures. 

The self-assembly of colloidal particles is a 
promising route to materials synthesis that 
combines considerable flexibility in the choice 
of materials with the oppoitunity to create 
highly ordered stmctures on length scales 
from nanometers to micrometers. Self-assem- 
bled structures can fonn resilient coatings, 
templates for growth of ordered micro- and 
nanoporous materials ( I ) ,  and even photonic 
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de~ices  (2-4). Self-assembly depends criti- 
call~l on theimal energy; the resultant motion 
allows particles to attain the optimum positions 
to create desired highl~l ordered structures. 

To exploit theimal motion, great care 
must be taken in controlling the interaction 
energies behveen the particles themselves 
and between the particles and their sui~ound- 
ings. Thermally induced self-assembly typi- 
cally requires repulsive or only very weakly 
attractive interactions. Strong attraction usu- 
ally leads to the formation of highly disor- 
dered aggregates, rather than ordered colloi- 
dal crystal structures. Because of this, attrac- 
tive Coulomb interactions, which are strong 
on theimal scales, are usually not effective in 
producing self-assembled, ordered structures. 
Thus, for example, when charge-stabilized 
colloidal particles are mixed with surfactants 
of the opposite charge, they t~lpically desta- 
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(5 )  because the surfactant binds Coulomb- 
\ ,  

ically to the pai-ticles. This process makes 
their surfaces hydrophobic and leads to 
strongly attractive illteiyalticle interactions. 

Because of this expectation of destabiliza- 
tion, few studies of mixtures of particles and 
oppositely charged surfactants have been re- 
ported. However, surfactants can self-assem- 
ble into a rich array of stmctures, and the 
possibility of the interaction of these struc- 
tures with the oppositely charged colloidal 
particles is ignored in the disordered-aggre- 
gate scenario. Indeed, recent studies of mix- 
tures of positively charged llplds wlth nega- 
tively charged DNA have shown that hlghly 
ordered structures can ensue (6  7). 

We report the unexpected fonnatlon of 
large colloidal crystals when aqueous charge- 
stabilized polystyrene latex particles are com- 
bined with a mixture of an oppositely charged 
and a neutral surfactant, which self-assemble 
into vesicles. Surprisingly, exclusively two- 
dimensional (2D) colloidal crystals are foiled. 
Coulomb attractions cause the adsorption of 
particles onto the vesicle surfaces, which me- 
diate the formation of 2D crystals. We propose 
a model that accounts for the obseivations 
made during several steps in the sequence 
resulting in the 2D crystals. This new route to 
self assembl~l may serve as a template for the 
synthesis of novel ordered stix~ctures. 

We used a mixture of hvo suii'actants: dido- 
decyldimethylammonium bromide (DD.&3), a 
cationic. double-chained amphiphile, and 
polyoxyethylene (9-10) p-ferf-octyl phenol 
(Triton X-100, or TX), a nonionic, single- 
chained amphiphile. These surfactants have 
similar areas per polar head group (0.6 nn12) 
and similar critical micelle concentrations 
(cmc) (8) .  Above the cmc, DDAB alone self- 
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